Nox4-based NADPH oxidase is a major reactive oxygen species-generating enzyme in the vasculature, but its role in atherosclerosis remains controversial. Objective: Our goal was to investigate the role of smooth muscle Nox4 in atherosclerosis. Approach and results: Atherosclerosis-prone conditions (disturbed blood flow and Western diet) increased Nox4 mRNA level in smooth muscle of arteries. To address whether upregulated smooth muscle Nox4 under atherosclerosis-prone conditions was directly involved in the development of atherosclerosis, mice carrying a human Nox4 P437H dominant negative mutation (Nox4DN), specifically in smooth muscle, were generated on a FVB/N ApoE deficient genetic background to counter the effect of increased smooth muscle Nox4. Nox4DN significantly decreased aortic stiffness and atherosclerotic lesions, with no effect on blood pressure. Gene analysis indicated that soluble epoxide hydrolase 2 (sEH) was significantly downregulated in Nox4DN smooth muscle cells (SMC), at both mRNA and protein levels. Downregulation of sEH by siRNA decreased SMC proliferation and migration, and suppressed inflammation and macrophage adhesion to SMC. Conclusions: Downregulation of smooth muscle Nox4 inhibits atherosclerosis by suppressing sEH, which, at least in part, accounts for inhibition of SMC proliferation, migration and inflammation.
Introduction
Atherosclerosis is the leading cause of morbidity and mortality in developed countries and occurs at lesion-prone areas of disturbed blood flow. Western diet (WD) accelerates the development of atherosclerosis. The correlation between the location of atherosclerotic lesions and regions of disturbed flow is well documented, throughout the arterial system, in experimental models of atherosclerosis (diet-and/or genetically-induced), across multiple animal species (monkeys, rabbits, pigs, and rodents) as well as in the pathophysiology of human atherosclerosis [1] . Endothelial dysfunction and leukocyte adhesion initiate the development of atherosclerotic lesions. Partial left carotid artery (LCA) ligation is an established model of acutely induced, disturbed blood flow that leads to endothelial dysfunction and atherosclerosis [2] [3] [4] . The importance of smooth muscle cells (SMC) in development of atherosclerosis remains underappreciated. When endothelium is damaged, the underlying SMC can directly stimulate leukocyte recruitment by releasing chemokines [5, 6] . Recruited leukocytes become macrophages and release cytokines, which stimulate SMC migration and proliferation. Both macrophages and activated SMC uptake lipoproteins to form foam cells, the hallmark of growing atherosclerotic lesions [7, 8] . In human coronary atherosclerotic plaques, a very large proportion of foam cells are SMC-derived [7] . However, the mechanisms by which SMC contribute to plaque formation are not fully elucidated [9, 10] .
Elevated levels of reactive oxygen species (ROS) in the vascular wall play a key role in the development of atherosclerosis. NADPH oxidases are major ROS-generating enzymes in the vasculature. Distinct from other members of the NADPH oxidase family, Nox4 is constitutively active in SMC, and its expression level determines the amount of SMC intracellular ROS, primarily hydrogen peroxide (H 2 O 2 ) [11] . Our previous study in mice overexpressing a human Nox4 dominant-negative form in SMC, shows that downregulation of SMC Nox4 inhibits endothelial denudation-induced neointimal hyperplasia, by suppressing thrombospondin 1 (TSP1), indicating a critical role of SMC Nox4 in the development of neointimal lesions [12] . Several studies investigated the role of vascular NADPH oxidase's components p47phox [13] , Nox2 [14] , Nox1 [15] and Nox4 [16, 17] in atherosclerosis using whole body knockout on atherosclerosis-prone, ApoE deficient (ApoE−/−) mice. However, the contribution of different Nox isoforms to atherosclerosis remains far beyond conclusive. In addition, Nox4 is abundantly expressed both in SMC and endothelial cells but the relative contribution of Nox4 from each of these two cell types to atherosclerosis remains controversial. Transgenic mice overexpressing Nox4 in endothelium had decreased atherosclerotic lesions [18] , while whole body Nox4 deficiency had no effect on diabetes-induced atherosclerosis [15] , indicating that Nox4 contributes to the development of atherosclerosis in a cell specific manner. In human atherosclerotic coronary arteries, Nox4 is upregulated mainly during the atheroma stage of the plaque, which contains abundant α-actin-positive cells, implying that SMC Nox4 may be involved in the genesis and progression of human coronary atherosclerotic disease [19] .
In the present study, we sought to explore the role of SMC Nox4 in regulating atherosclerosis and the potential molecular mechanisms involved. We found that Nox4 mRNA in smooth muscle of arteries were upregulated in atherosclerosis-prone conditions (disturbed blood flow and Western diet). To counter the effect of increased smooth muscle Nox4 under atherosclerosis-prone conditions, we generated unique transgenic mice overexpressing a human Nox4 dominant negative P437H mutant (Nox4DN) specifically in SMC [12] . We found that Nox4DN inhibits atherosclerosis in part by suppressing soluble epoxide hydrolase 2 (sEH, gene EPHX2), which inhibits SMC proliferation, migration and inflammation.
Material and methods

Transgenic mouse lines in FVB/N and FVB/N ApoE−/− background
Mouse lines that overexpress a human dominant negative form of Nox4 (Nox4DN P437H) in SMC (SDN) were generated in the FVB/N genetic background [12] . The mutation of proline to histidine at position 437 was confirmed by genomic DNA sequencing. Littermate nontransgenic mice (NTg) served as controls. For atherosclerosis studies, SDN were backcrossed into the FVB/N ApoE −/− background [20] to obtain SDN/ApoE−/−. Littermate ApoE−/−, without Nox4DN transgene, served as controls. Backcrossing into FVB/N ApoE −/− background did not affect Nox4DN mRNA expression levels, as confirmed by qPCR. All animal procedures was approved by the Boston University's Institutional Animal Care and Use Committee in accordance with the provisions of the Animal Welfare Act, Public Health Service Animal Welfare Policy, and the principles of the NIH Guide for the Care and Use of Laboratory Animals, and the policies and procedures of Boston University Medical Campus. Animals were maintained in an AALAC approved Laboratory Animal Science Center staffed with licensed veterinarians.
Cell culture
Aortic SMCs from 12 week old male SDN mice and their littermate controls were isolated and cultured as previously described [21] . SMC phenotype was confirmed by α-smooth muscle actin-positive staining. Cells from passages 3 to 10 were used.
Real time quantitative PCR (qPCR) [21]
Total cellular RNA was isolated from SMCs cultured in 0.2% fetal bovine serum (FBS) Dulbecco's Modified Eagle Medium (DMEM) or from common carotid arteries using standard procedures, and retrotranscribed to cDNA. Real time qPCR was performed with the following gene specific primers (Nox4: Forward primer-5′TGGCCAACGAAGGG GTTAAA3′, Reverse primer-5′ACACAATCCTAGGCCCAACA3′; EPHX2: Forward primer-5′CAGGAGGACACAGACACCATA3′, Reverse primer-5′TCTCAGGTAGATTGGCTCCAC3′) using SYBR-Green-based detection, or TAQMAN gene specific primers (Applied Biosystems), according to the following cycling conditions: denaturation, annealing, and extension at 95°C, 57°C and 72°C for 10 s, 30 s, and 10 s, respectively, for 40 cycles. β-Actin was used as internal control.
Immuno-blotting
SMC were cultured in 0.2% FBS DMEM overnight before being lysed. Proteins were subjected to SDS-PAGE and immunoblotted with specific antibodies against Nox4 (provided by Dr. Ajah Shah), phospho-p65 NFκB (Cell Signaling Technologies, CST), p65 NFκB (CST), IκBα (CST), vascular cell adhesion molecule-1 (VCAM1, Santa Cruz), sEH (Santa Cruz), TSP1 (Invitrogen); GAPDH (CST) acts as loading control. Proteins were visualized with an ECL system (Amersham Biosciences). Densitometry analysis was performed using NIH Image J software, and protein expression levels were normalized to GAPDH.
SMC proliferation assay
SMC were seeded in 96-well plate at a density of 5 × 10 3 cells per well in DMEM supplemented with 0.2% FBS overnight. Cell proliferation was stimulated by medium supplemented with 10% FBS, and 0.2% FBS medium was used as control. Culture medium with high or low serum was changed daily. A tetrazolium-based non-radioactive proliferation assay kit (Quick Cell Proliferation Assay Kit II, BioVision) was used to determine the cell number according to the manufacturer's protocol.
2.6. Wounded monolayer migration assay [22, 23] Briefly, 10 6 SMC/well in 12-well plates were seeded in 0.2% FBS DMEM overnight until confluent then scratch wounds were applied to the SMC monolayer with a pipette tip. Immediately after scratching, the cells were treated with 10% FBS DMEM to stimulate cell migration.
Photographs were taken at 0 h and 6 h at three fixed locations along the scratch with a light microscope and analyzed using NIH Image J software.
2.7. Small interference RNA (siRNA) transfection [21] Using routine methods, 80% confluent SMC were transfected with EPHX2 or TSP1 siRNA or scrambled control siRNA (Applied Biosystems, 60 nmol/L) for 48 h according to the manufacturer's protocol (Lipofectamine 2000, Invitrogen). [21] Using routine methods, 80% confluent SMC were infected with an adenovirus to overexpress wild type human Nox4 [24] or an empty adenovirus control, Nox4 siRNA [25] or control siRNA at 50 MOI/cell in DMEM without serum or antibiotics for 6 h before adding DMEM containing 10% FBS for 3 days.
Adenoviral transfection in NTg SMCs
2.9. Application of sEH inhibitor 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU) [26] TPPU (0.1 μM) was dissolved in DMSO and added to SMC in DMEM for two days before proliferation assay, migration assay and NFκB activity assay.
2.10. NFκB promoter luciferase activity assay [27] SMC were cultured in 24-well plates with 0.2% FBS DMEM overnight, and then co-infected with firefly NFκB promoter luciferase adenovirus and pre-packaged renilla luciferase adenovirus (Vector Biolabs) for 48 h. PBS or tumor necrosis factor alpha (TNFα,10 ng/ml) was added overnight before measuring NFκB activity. Briefly, cells were washed and lysed in lysis buffer as per manufacturer's recommendations. The ratio of firefly to renilla luciferase luminescence was calculated as indicative of NFκB promoter activity. In some experiments, SMC were transfected with EPHX2 siRNA, Nox4 siRNA or control siRNA for 48 h before measuring NFκB promoter activity.
2.11. Bone marrow-derived macrophage (BMDM) adhesion assay [27] Bone marrow-derived mononuclear cells were isolated [28] Anesthesia was induced in 10-week old mice, by intraperitoneal injection of xylazine (10 mg/kg) and ketamine (80 mg/kg) mixture. Mice underwent partial LCA ligation to rapidly induce disturbed blood flow. Briefly, three of the four caudal branches of the LCA (left external carotid, internal carotid, and occipital artery) were ligated with a 6-0 silk suture, while the superior thyroid artery was left intact. The right carotid artery (RCA) underwent similar manipulation but without ligation and used as a sham control. Mice were sacrificed 2 days or 2 weeks after surgery, for RNA isolation or tissue collection, respectively.
Tissue preparation and immunohistochemistry analysis [12]
Tissues were collected as described previously [12] . For each animal, 6 identical 7 μm cross-sections at 250-300 μm intervals were prepared, starting at the bifurcation of the common carotid artery. The mean cross-sectional area of neointimal and medial areas were determined by using NIH Image J software. The medial area was calculated as the area encircled by the external elastic lamina minus the area encircled by the internal elastic lamina. The intima to media ratio was quantified by dividing the neointimal area by the medial area. For smooth muscle staining and macrophage staining, smooth muscle alpha actin antibody (SMA, Sigma) and Mac2 antibody (Santa Cruz) were used, according to the procedure of the Vectastain ABC kit (Vector).
Western diet (WD) induced atherosclerotic lesions [20]
Ten weeks old SDN/ApoE −/− and ApoE −/− were fed a WD (Teklad Adjusted Calories 88137; 21% wt/wt fat, 0.15% wt/wt cholesterol, 19 .5% wt/wt casein, and no sodium cholate) to accelerate the formation of atherosclerotic lesions. After 12 weeks on WD, mice underwent partial LCA ligation to rapidly induce disturbed blood flow. After surgery, mice continued on WD feeding for another 2 weeks before being sacrificed to collect tissues.
Medial RNA isolation from common carotid arteries and aorta [3]
Two days after partial LCA ligation, mice were sacrificed and both LCA and RCA were isolated and carefully cleaned of periadventitial fat. The carotid lumen was quickly flushed with 150 μl of QIAzol lysis reagent (QIAGEN) using a 29-gauge insulin syringe to remove endothelium, and the leftover carotid was used to prepare RNA from media and adventitia. For mice under normal diet (ND) or WD for 1 month, whole aorta was quickly flushed with 300 μl of QIAzol lysis reagent to remove endothelium, and the leftover was used to prepare RNA from media and adventitia.
Measurement of plasma cholesterol and triglycerides [29]
Mice were sacrificed and blood was drawn from the right atrium into EDTA-containing tubes, for lipid measurements. Plasma was prepared via centrifugation at 850 × g for 15 min at 4°C and stored at −20°C. Measurements were carried out using an Infinity Cholesterol and Infinity Triglycerides measurement kit (Thermo Scientific), based on absorbance of samples normalized to the absorbance of a known concentration of a calibrator (200 mg/dL), provided with the kit. Data are expressed as mg/dL.
Oil Red O (ORO) staining for lipids
ORO staining was used to investigate lipid deposition. For aortic root analysis, the heart was isolated along with the aortic arch after perfusion. Aortic roots were embedded in OCT compound. Sequential sections, each 5 μm thick, were cut starting at the aortic sinus, which was identified by the appearance of the semilunar valve leaflets, and extending over the next 1.2 mm over the entire aortic sinus. Frozen whole neck sections were serially sectioned (7 μm), air-dried and mounted on superfrost glass. Briefly, slides were dipped in propylene glycol to dehydrate followed by ORO (American MasterTech) for 10 min at 60°C. Sections were differentiated in propylene glycol for 1 min and counterstained with hematoxylin and mounted in an aqueous mounting media. For aortic roots, the areas of the ORO positive lesions in the proximal aortas were quantified. The mean cross-sectional area of ORO positive lesions and the total area were determined by using NIH Image J software.
In vivo measurement of aortic pulse wave velocity (PWV) [30]
PWV was measured 12 weeks after ND or WD using a highresolution Doppler ultrasound instrument (VEVO770, FujiFilm) [30] . Briefly, mice were anesthetized with 2% isoflurane and mounted on a heated (37°C) platform to monitor electrocardiogram (ECG), heart rate (HR), respiratory rate, and to eliminate movement artifacts. Hair was removed from the abdomen with a depilatory agent (Nair). Isoflurane was reduced to 0.8% with slight adjustments in order to maintain a HR of approximately 450 bpm. A b-mode cross-section image of the abdominal aorta was used to locate the point where the renal vein crosses over the aorta and identified as proximal point. The scan head was then turned longitudinally so that blood flow measurements could be made at the proximal point and about 8 mm distally (distal point). Flow wave Doppler measurements were taken at 30 MHz with a pulse-repetition frequency of 40 kHz at a depth of 6 mm. There was no difference in the HR between the proximal and distal point measurements. In offline analysis of the images, the time (ms) from the peak of the ECG R wave to the foot of the flow waves at both the proximal and distal locations were measured, in at least 5 replicates for each location per mouse. The difference between proximal and distal points arrival time yields the transit time (TT). PWV (mm/ms) was calculated from TT (Δt) and the distance between the measurement sites (Δd).
Invasive blood pressure measurements on anesthetized mice in FVB/N ApoE−/− background
Mice were anesthetized with 2% isoflurane/air inhalation and maintained under anesthesia (0.5-1% isofluorane/air; HR: 450-500 bpm; respiration rate~130 bpm) during the procedure. Mice were in the recumbent position on a heated platform (37°C) and with paws in contact with pad electrodes for continuous ECG recording. After gentle hair removal in the neck area, a solid-state high-fidelity pressure catheter (Mikro-tip catheter transducers, SPR-1000, Millar Instruments, Houston, TX, USA) was inserted in the left carotid artery and advanced into the aortic arch. 20 ms of stable recordings were acquired and analyzed post-acquisition with an acquisition and analysis workstation (NIHem, Cardiovascular Engineering, Norwood, MA, USA) with 1 kHz bandwidth and 5 kHz sampling rate. NIHem software (v. 4.99) automatically signalaverages 20 ms of pressure waveform recordings and computes mean arterial pressure (MAP).
Radiotelemetry blood pressure measurements in FVB/N background
HR, systolic blood pressure (SBP), MAP and diastolic blood pressure (DBP) were measured in conscious, freely moving mice using radiotelemeters (Data Sciences International), as we previously described [31, 32] . Daily recordings (1 every 4 min, 360 recordings/ mouse per day) started after complete recovery from surgery (1-2 weeks) and were carried on continuously for 4 days (baseline). Angiotensin II (Ang II, 1 mg/kg body weight/day) was then administered via osmotic minipumps (model 1007D, Alzet, Durect Corporation, Cupertino, CA, USA) for the following 7 days. The average of 360 daily recordings for each mouse was calculated before and after Ang II.
Statistical analysis
All data are presented as mean ± standard error. Student t-test was used to analyze data from experimental and control groups. One-way or two-way ANOVA was used to compare data from 3 groups with one or two treatments, followed by repeated measures and post hoc analysis with Bonferroni multiple comparison test. For samples analyzed in separate experiments, all data were normalized to its control (NTg or control siRNA) in each individual experiment and expressed as fold change relative to control. For their statistical analysis, each data was taken log transformation and Wilcoxon signed-rank test was used to get a probability value. A probability value of b0.05 is considered statistically significant.
Results
Disturbed blood flow and Western diet (WD) upregulate smooth muscle Nox4 and induce atherosclerosis
Atherosclerosis occurs preferentially in arterial branches and curved areas with disturbed blood flow; WD accelerates the development of atherosclerosis. We first performed a partial LCA ligation in FVB/N ApoE −/− mice, fed normal diet (ND), to induce disturbed blood flow patterns. We found that disturbed blood flow dramatically upregulates smooth muscle Nox4 mRNA levels 2 days after ligation (Fig. 1A) , and neointimal formation with lipid accumulation 2 weeks after ligation, compared with unligated RCA (Fig. 1B) . WD feeding for 1 month significantly increased smooth muscle Nox4 mRNA levels (Fig. 1A) , and further accelerated disturbed blood flow-induced neointimal formation and lipid accumulation compared with ND (Fig. 1B) . These results imply that upregulation of smooth muscle Nox4 may contribute to the development of atherosclerosis.
Overexpression of human Nox4DN in SMCs attenuates Western dietinduced atherosclerotic lesions and arterial stiffness
To address whether upregulated SMC Nox4 is directly involved in the development of atherosclerotic lesions, we generated transgenic mice that overexpress a human Nox4 dominant negative P437H mutant (Nox4DN), specifically in SMCs (SDN) [12] , to counter the effect of increased SMC Nox4 observed under atherosclerosis-prone conditions (disturbed flow and WD). We previously showed that this human Nox4DN construct effectively works as a dominant negative for murine Nox4 1) by suppressing endogenous mouse Nox4, and 2) by competing with endogenous mouse Nox4 for binding to p22phox, thus forming a non-functional Nox4-based NADPH oxidase complex [12] . Compared with non-transgenic littermate controls (NTg), SDN have lessened neointimal hyperplasia after common carotid artery endothelial denudation, and have decreased SMC proliferation and migration rates, via TSP1 suppression [12] .
To study the effects of Nox4DN on atherosclerosis, SDN mice were backcrossed into the FVB/N ApoE−/− genetic background [20] . Breeding ApoE−/− and SDN/ApoE−/− produced a total of 546 healthy pups at a ratio close to 1:1 (280 ApoE−/− vs. 266 SDN/ApoE−/−), suggesting a normal embryonic development. There was no difference in body weights between ApoE−/− and SDN/ApoE−/− at different ages (male In comparison with ApoE−/− on C57BL/6 genetic background, obvious atherosclerotic lesions, in the aortic root, take much longer to develop in FVB/N ApoE −/− mice (up to 11 months). To accelerate the formation of atherosclerotic lesions in the aortic root, we fed mice a WD for 14 weeks [20] and, during the last 2 weeks of diet, we performed a partial LCA ligation [3] . WD did not increase body weight or total triglycerides in either ApoE−/− or SDN/ApoE−/− compared with their ND controls of the same age (6 months old). However, WD equally increased total cholesterol levels in both groups (Table 1) . Importantly, lipid deposition in the aortic root, detected by ORO staining, was decreased in SDN/ApoE−/− compared with ApoE−/− ( Fig. 2A) .
Pulse wave velocity (PWV) is inversely proportional to aortic distensibility and directly correlates with aortic stiffness [33] . As arterial stiffness is an early biomarker of atherosclerosis [34] , we measured PWV by high-resolution Doppler ultrasound along the aorta. Compared with age-matched non-ApoE −/− FVB/N on ND, ApoE −/− had increased PWV (non-ApoE −/−: 2.7 ± 0.3 vs. ApoE −/−:4.1 ± 0.5, p b 0.05, n = 6-10). WD itself slightly increased PWV in ApoE −/− but not in SDN/ApoE−/−, which had lower PWV than ApoE−/−, either on ND or WD (Fig. 2B) .
To test whether a decrease in aortic stiffness in SDN/ApoE−/− was due to an effect of smooth muscle Nox4DN on blood pressure, as PWV is dependent on distending pressure, we measured MAP in anesthetized mice. There was no significant difference in MAP between SDN/ ApoE−/− and ApoE−/− fed ND (Fig. 2C) or WD (ApoE−/−: 97.3 ± 2.6 vs. SDN/ApoE −/−: 99.9 ± 6.5, n = 3). We also measured blood pressure by radiotelemetry, in conscious, freely moving mice. As shown in Fig. 2 D, systolic, diastolic and mean arterial pressures were not different between SDN and NTg, either at baseline or after Ang II. Our data indicate that downregulation of SMC Nox4 does not affect blood pressure in our experimental conditions. Therefore, we conclude that the decrease in arterial stiffness in SDN/ApoE−/− is not due to a decrease in blood pressure but, rather, it reflects a decrease in atherosclerotic lesion formation on the aortic wall.
When we performed a partial LCA ligation to induce disturbed blood flow in ApoE−/−, we observed the formation of lipid-rich lesions, localized both in the neointima and media, even in mice fed ND, although to a much lesser extent than WD-fed mice (Fig. 1B) , indicating that this model of disturbed blood flow dramatically accelerates atherosclerosis ApoE−/−, n = 6-9. C. Downregulation of smooth muscle Nox4 has no effect on mean arterial pressure on anesthetized mice in FVB/N ApoE−/− background fed ND. n = 7-9. D. Downregulation of smooth muscle Nox4 has no effect on either baseline or angiotensin II (Ang II)-mediated blood pressure measured by radiotelemetry in FVB/N background. n = 5 in each group. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure. in lesion-prone areas, even without WD. In mice on WD, partial LCA ligation induced advanced atherosclerotic lesions assessed in the ligated carotid, with abundant lipid deposition, which were dramatically decreased in SDN/ApoE −/− mice (Fig. 3A) . SDN/ApoE −/−, had an equally increased medial area but a significantly lower intimal area and intima to media ratio compared to ApoE−/− controls (Fig. 3B ).
Overexpression of human Nox4DN attenuates both smooth muscle cells and macrophages in atherosclerotic lesions
To elucidate the contribution of macrophages and SMC to the formation of atherosclerotic lesions, we immunostained ligated carotid arteries after WD (same samples as in Fig. 3A) with macrophage (Mac2) and SMC (SMA) specific antibodies. As shown in Fig. 3C , both macrophages and SMCs were present in atherosclerotic lesions. Although both the lesion area and overall macrophage-positive area were significantly decreased in SDN/ApoE −/− (Fig. 3C) , the percentages of both macrophage and non-macrophage (majorly SMCs) in the lesion area were not different between SDN/ApoE −/− and ApoE −/− (Fig. 3C) . Taken together, our data indicate that SMC Nox4 plays an important role in the development of atherosclerosis, and that Nox4 may have differential effects on SMC migration, proliferation and recruitment of macrophages, which may all contribute to the development of atherosclerosis.
Overexpression of human Nox4DN in SMCs downregulates soluble epoxide hydrolase 2 (sEH, gene EPHX2) and suppresses inflammation
To further explore the potential mechanisms by which Nox4 regulates SMC proliferation, migration and inflammation, we isolated SMC from aortas of both SDN/ApoE −/− and ApoE −/−. However, after a few sub-culturing passages, these SMCs lost their phenotype and morphology, rendering them unfit for further cell analysis. We suspect that the ApoE−/− genetic background affects SMC in vitro properties, and/or our culture conditions were not optimal to maintain their phenotype. Accordingly, all in vitro experiments with SMC presented here, are from SMC isolated from mice on FVB/N genetic background, which grew normally in vitro.
As shown in Fig. 4A & B, we found that mRNA and protein levels of EPHX2, a gene important for SMC function, were significantly downregulated in both arteries and aortic SMC from SDN compared with NTg controls.
Because sEH inhibition is known to downregulate proinflammatory genes and decrease inflammatory cell infiltration into the vascular wall [35] and SDN/ApoE −/− had decreased macrophages in atherosclerotic lesions than controls (Fig. 3C) , we assessed VCAM1 and NFκB promoter activity, as inflammatory markers, and the interaction between macrophage and SMC in cultured aortic SMC. As shown in Fig.  4C , VCAM1 protein level was significantly decreased in SMC isolated from SDN compared with NTg, but we did not detect any difference in protein levels of phospho-p65 NFκB or IκBα, two well-known components of NFκB activation. Despite phospho-p65 NFκB levels were similar in SDN and NTg, both basal and TNFα-induced NFκB promoter activity were decreased in SDN compared with NTg, as measured by a luciferase reporter assay (Fig. 4D) .
The endothelium is known to play a key role in regulating leukocyte adhesion to vessel wall, however also SMC, underlining activated/denuded endothelial cells, can regulate leukocyte recruitment by releasing chemokines [5, 6] . Because human Nox4DN decreased VCAM1 expression and NFκB promoter activity in SMC, we measured macrophage adhesion to SMC, isolated from SDN and NTg. As shown in Fig. 4E , macrophage adhesion to SDN SMC was decreased compared with NTg SMC. Taken together, VCAM1 downregulation, decreased NFkB promoter activity and decreased macrophage adhesion in SDN SMC are consistent with a role of SMC Nox4 in promoting vascular inflammation.
Next, we tested the effect of smooth muscle Nox4DN on proinflammatory genes in isolated common carotid arteries. As shown in Fig. 5 , downregulation of smooth muscle Nox4, on both FVB/N and FVB/N ApoE−/− genetic backgrounds, suppressed monocyte chemoattractant protein 1 (MCP1), intercellular adhesion molecule 1 (ICAM1) and VCAM1 compared with littermate controls, confirming that smooth muscle Nox4 regulates inflammation in intact arteries.
Nox4 regulates expression of sEH and inflammation in smooth muscle cells
To validate the direct effects of Nox4 on sEH and inflammation in SMC, we carried out experiments with Nox4 downregulation or overexpression in cultured SMC, isolated from NTg aortas. Similar to Nox4DN mice, Nox4 siRNA suppressed sEH and VCAM1 expression, and inhibited NFκB promoter activity in NTg SMC (Fig. 6A) . Overexpression of human Nox4 generated the opposite effect, i.e. sEH and VCAM1 upregulation and increase in NFκB promoter activity in NTg SMC (Fig. 6B) , further confirming a crucial role of smooth muscle Nox4 in regulating sEH expression and inflammation. 3.6. Downregulation of TSP1 in smooth muscle cells has no effect on sEH and inflammation
As we previously reported that TSP1 regulated by Nox4 is directly involved in SMC proliferation and migration [12] , in the current study we knocked down TSP1 in SMC to test whether TSP1 is an upstream regulator of sEH and inflammation. As shown in Fig. 7 , downregulation of TSP1 with siRNA had no effects on the expression levels of sEH and VCAM1, nor on macrophage adhesion to SMC, compared with control siRNA, indicating that downregulation of TSP1 does not account for Nox4DN anti-inflammatory effect, despite inhibiting SMC proliferation and migration [12] .
Downregulation of sEH inhibits SMC proliferation, migration and inflammation
To further study the effect of sEH on SMC proliferation, migration and inflammation, we used EPHX2 siRNA to downregulate sEH expression in NTg aortic SMC. As shown in Fig. 8A , downregulation of sEH decreased protein levels of TSP1 and VCAM1, but had no effect on phospho-p65 NFkB or Nox4 compared with control siRNA. In addition, downregulation of sEH by EPHX2 siRNA inhibited both basal and TNFα-induced NFκB promoter activity (Fig. 8B) , serum-induced SMC proliferation and migration, and macrophage adhesion to SMC, compared with control siRNA (Fig. 8C) . Therefore, EPHX2 siRNA fully mimicked the effect of Nox4DN or Nox4 siRNA on pathways involved in SMC proliferation, migration and inflammation. We further explored the role of sEH in SMC by using a specific sEH inhibitor, TPPU [26] . As shown in Fig. 8D , similar to sEH siRNA, sEH inhibitor TPPU inhibited serum-induced SMC proliferation, migration and NFκB promoter activity, confirming the contribution of sEH in regulating SMC function. Overall, our results demonstrate that sEH is an upstream regulator of TSP1 and NFκB and is an essential factor, regulated by SMC Nox4, in controlling SMC biological functions in atherosclerosis.
Discussion
The data presented here, using a smooth muscle specific Nox4 genetic knockdown, represent the first direct and in vivo evidence of an important role of SMC Nox4 in promoting atherosclerosis. First, we found that SMC Nox4 mRNA was upregulated in arteries in response to disturbed blood flow and Western diet, two experimental proatherosclerosis conditions, implying that there is a potential link between SMC Nox4 and the development of atherosclerosis. Secondly, consistent with our previous study [12] , downregulation of SMC Nox4 in vivo inhibited the extent of atherosclerotic lesions in ligated carotids and SMC proliferation, migration and expression of pro-inflammatory pathways assesses on SMC isolated from SDN mice. Thirdly, in an attempt to elucidate the molecular mechanisms by which Nox4 regulates SMC biological functions in atherosclerotic lesions, we found that downregulation of SMC Nox4 suppresses gene and protein expression of sEH, a well-known regulator of SMC, both in vivo and in vitro. Of note, sEH appears to regulate another important SMC factor, TSP1, since knocking down sEH by siRNA suppressed TSP1 expression, but not vice versa. As summarized in Fig. 9 , we hypothesize that atherosclerosis-prone conditions, such as disturbed blood flow and/or western diet, upregulate smooth muscle Nox4 to promote atherosclerosis, by stimulating SMC proliferation, migration and inflammation. On the contrary, downregulation of SMC Nox4 suppresses sEH, which, in turn, inhibits atherosclerosis by inhibiting TSP1, thus decreasing SMC proliferation and migration. In addition, sEH inhibits NFkB activity and VCAM1, which mediate inflammation and macrophage adhesion, in a TSP-1-independent manner. Overall, our findings strongly implicate smooth muscle Nox4 as one of the major determinants of atherosclerosis.
One of the novel findings of our study is that downregulation of SMC Nox4 suppresses sEH, which appears to be one of the major Nox4 downstream mediators of inhibition of SMC proliferation, migration and inflammation in vitro and decreased atherosclerosis in SDN/ApoE −/− mice. Cytochrome P450 epoxygenase-derived epoxyeicosatrienoic acids (EETs) are hyperpolarizing factors which modulate vascular tone. sEH catalyzes the hydrolysis of EETs and other fatty acid epoxides, thus limiting their biological actions, including modulation of inflammation, SMC migration and platelet aggregation [36, 37] . sEH inhibitors or EETs inhibit SMC proliferation and migration [38, 39] and the role of sEH in cardiovascular inflammation has been recently reviewed [40] . In cultured endothelial cells, EETs attenuate TNFα-induced VCAM1 expression and leukocyte adhesion, partially through inhibition of NFκB activation [41] . sEH inhibitors decrease proinflammatory factors, both circulating and in the aorta, as well as inflammatory cell infiltration into the vascular wall [35] . sEH deficient mice have significantly decreased neointima after femoral artery cuff occlusion [42] , and carotid artery ligation [43] , while administration of an sEH inhibitor to Ang IItreated ApoE−/− mice significantly attenuates abdominal aortic aneurysm formation and atherosclerotic lesion area [35, 44] . In addition, sEH inhibition decreases blood pressure in angiotensin-dependent and deoxycorticosterone-salt hypertension models [45, 46] . Although the role of sEH in neointimal hyperplasia and atherosclerosis have been studied in sEH deficient mice or mice treated with sEH inhibitors, the contribution of SMC sEH to vascular diseases is unclear. In our study, downregulation of SMC sEH by Nox4DN implies that SMC sEH, as regulated by Nox4, can play an important role in atherosclerosis and neointimal hyperplasia, but has no evident effect on blood pressure before or during Ang II administration.
The limitation of current study is that we do not know the exact mechanism by which SMC Nox4 downregulates sEH. We did not observe consistent effects of H 2 O 2 , PEG-catalase or overexpression of catalase on sEH expression in cultured SMCs (data not shown), suggesting that Nox4 may regulate sEH in H 2 O 2 -independent fashion.
The role of Nox4 in atherosclerosis remains controversial. One study using Nox4 deficient mice, on ApoE−/− genetic background, found no effect of Nox4 on atherosclerosis in a model of type I diabetes [15] . To the contrary, a recent publication using an inducible Nox4 knockout, indicates that Nox4 is protective in the progression of atherosclerotic lesions [16] . Since Nox4 is abundantly expressed in both endothelial cell and SMC, it is imperative to study the role of Nox4 in these individual cell types on atherosclerosis, which cannot be addressed using mice globally deficient in Nox4, as in previous studies. Our own unpublished data indicate that downregulating Nox4 in endothelium accelerates the formation of atherosclerosis in settings of type I diabetes, while overexpressing Nox4 in the endothelium ameliorates WD-induced atherosclerosis. These findings are in accordance with a study using transgenic mice that overexpress Nox4 in the endothelium, indicating that endothelial Nox4 is protective from atherosclerosis induced by WD [18] . Compared with the data from SDN/ApoE−/− mice presented here, indicating that SMC Nox4 promotes atherosclerosis, it is clear that Nox4 in SMC and endothelium play opposite roles thus explaining the overall lack of effect on atherosclerosis in global Nox4 null mice, which might be the result of endothelial and SMC Nox4 countering off each other's effects [15] . Our study addresses the limitation of using whole body Nox4 ablated mice and underlines the importance of studying cell specific roles for Nox4 in cardiovascular pathologies.
In conclusion, our study indicates for the first time that SMC Nox4 plays an essential role in the development of atherosclerosis. Proatherosclerosis conditions, such as disturbed blood flow and Western diet, may promote atherosclerosis through upregulation of smooth muscle Nox4. By using unique transgenic mice overexpressing human Nox4DN in SMCs, we found that SMC Nox4 promotes atherosclerosis by stimulating SMC proliferation, migration and inflammation, and that sEH is one of SMC Nox4 downstream mediators. Inhibiting SMC Nox4 and/or sEH could be therapeutically beneficial to prevent atherosclerosis.
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